Here we discuss the hypothesis that 'specialized ribosomes' , which have a unique composition or specialized activity, confer regulatory control in gene expression. Examples of heterogeneity in ribosomes can include diversity in the composition and post-translational modifications of subsets of ribosomal proteins, variations in ribosomal RNA (rRNA) sequences or binding to distinct ribosome-associated factors, all of which may contribute to the occurrence of specialized ribosomes in different cell types. In addition, even core ribosome components that show little variation may exert more specialized activity by virtue of their interactions with specific cis-acting regulatory elements that are present within subsets of mRNAs. In a multicellular organism, greater regulation in ribosome activity may provide an important new layer for the spatiotemporal control of gene expression.
In this Review, we examine the evidence for hetero geneity in ribosomes, how regulatory elements in mRNAs may interface with ribosomes to confer transcrip t-specific regulation of gene expression, and how such mechanisms may bestow greater specificity in decoding the genomic template into unique cellular and molecular behaviours as well as morphology.
The ribosome as a 'molecular machine' The ribosome has been described as a "molecular machine par excellence" 1, 2 . This metaphor can be traced back to an influential article written by Bruce Alberts, in which the analogy of the 'molecular machine' was first used to describe the highly coordinated behaviour of large complexes such as the DNA replication machinery or the ribosome 3 . The machine analogy influenced the manner in which the molecular comple x was conceptualized; that although it may be composed of a number of distinct elements, a high degree of coordination and precision of these parts serves a singular, unilateral function. The basic mechanisms of how the genetic code is translated into proteins fits well with this concept. For example, the ribosome has a universally conserved role in catalysing protein synthesis. Moreover, protein synthesis is remarkably fast. Elongation of the polypeptide chain by one amino acid occurs in approximately 60 ms and in a highly accurate fashion 4 . This requires a sophisticated level of precision and automation. However, the powerful metaphor of a machine has also perhaps stereotyped the view of the ribosome as a passive participant in translation. A crucial question is whether certain parts of the ribosome are changeable and/or activated by additional layers of regulation that depend on the context. To understand this principle, the molecular machine has to be examined at its very core, as ribosome biogenesis is a highly coordinated process
. Indeed, ribosomes make up much of the cell's mass, and ribosome biogenesis uses a significant proportion of the cell's energy 5 . The eukaryotic ribosome contains 4 RNA species and 79 ribosomal proteins. Despite the constitutive nature of the ribosome, several components could also give rise to divergent regulation of the 'molecular machine' . In understanding the construction of the ribosome
, possible points of variation can also be envisioned. We will discuss the evidence, or the lack thereof, for individual components exerting unique and more regulatory control.
Heterogeneity in ribosome function and activity Francis Crick first proposed, in relation to the 'RNA world' hypothesis, that an ancestral proto-ribosome may have been comprised only of functional rRNAs, which shared homology with present-day rRNAs 6 . Biochemical and genetic experiments have revealed a direct involvement of conserved rRNA nucleotides, highlighting their central role in ribosome function 7, 8 . Remarkably, early attempts in delineating the minimal components necessary for ribosome activity demonstrated that peptidyl transferase, the ribosomal activity responsible for the catalysis of peptide-bond formation, might only require rRNAs in the absence of the majority of ribo somal proteins 9 . This raises the question of the function of the ribosomal proteins that associate with the ribosome. Ribosomal proteins are likely to have co-evolved important roles in rRNA folding and function 10, 11 
. However, we speculate that the emergence of ribosomal proteins might, in addition, imbue greater specificity to the RNA-based translation machinery to control protein synthesis. It is also important to consider whether ribosomal proteins may be actin g at multi ple times and/or locations to exert unique activities. For example, ribosomal proteins may have important roles in rRNA processing within the nucleolu s and also exert more specialized functions in translational control as part of the mature ribosome within the cytoplasm or even as components of extra ribosomal complexes (BOX 2) . In this section, we examin e the possibility of further regulation in ribosome composition and activity with respect to the proteins and rRNAs that constitute the ribosome.
Box 1 | Ribosome biogenesis
Ribosome biogenesis is a highly orchestrated process involving all three RNA polymerases and over 150 non-ribosomal factors that take part in the maturation process 129 . Three of the four ribosomal RNA (rRNA) species, namely 18S, 5.8S and 28S, are transcribed as a single 47S transcript (pre-rRNA) by RNA polymerase I (Pol I) in the nucleolus (see the figure) . The fourth rRNA, 5S, is transcribed by Pol III in the nucleus. Strikingly, pre-rRNAs are extensively modified by pseudouridylation (ψ) and methylation (M). This process is orchestrated by small nucleolar RNAs (snoRNAs) that guide site-specific modifications of ~200 nucleotides in the pre-rRNA. Although the role of rRNA modifications is not fully understood, they are important for ribosome function 130 . For example, recent findings demonstrate that loss of rRNA pseudouridylation decreases translational fidelity, transfer RNA (tRNA) binding and binding to structured RNA elements within mRNAs in an evolutionarily conserved manner from yeast to human cells 87 . All ribosomal proteins are transcribed by Pol II and translated in the cytoplasm (not shown). They are then imported into the nucleus and are assembled on the pre-rRNA while it is being transcribed. Although less well studied, some ribosomal proteins have also been shown to be involved in rRNA processing, subunit assembly and export [131] [132] [133] [134] [135] . As the ribosomal proteins assemble, the pre-rRNA folds and undergoes a series of cleavages to generate the 18S, 5.8S and 28S rRNAs. The 18S rRNA along with 32 ribosomal proteins assemble into the small ribosomal 40S subunit. The 28S, 5.8S and 5S rRNA along with additional 47 ribosomal proteins assemble into the large 60S subunit. Both ribosomal subunits are exported into the cytoplasm in a coordinated process 136, 137 . RPL, large subunit ribosomal protein; RPS, small subunit ribosomal protein. 
ASH1
(Asymmetric synthesis of homothallic switching endonuclease (HO)). A gene encoding a repressor that inhibits the transcription of HO -an endonuclease that causes mating-type switching in Saccharomyces cerevisiae. ASH1 mRNA is transported to the bud before translation. In the bud, Ash1 prevents the daughter cell from switching its mating type following cell division.
Ribosomal protein paralogues. In mammals, although there are ~2,000 sequences encoding ribosomal proteins, most of them are predicted to be pseudogenes 12 , and most functional ribosomal proteins are encoded by a single gene. By contrast, in yeast, plants and flies many ribosomal proteins are encoded by more than one gene. Saccharomyces cerevisiae, for example, arose from an ancient genome duplication, and 59 of the 78 ribosomal proteins retained two genomic copies 13 . Remarkably, despite having high sequence homology, the two ribo somal protein gene copies do not always seem to be functionally redundant. Deletions of individual paralogue s can give rise to completely unique phenotypes showing differences in cell size, bud size selection 14 , sporu lation 15 , susceptibility to virus 16, 17 and drug sensitivity 18, 19 , and these phenotypes are as dissimilar as deletions in completely unrelated ribosomal proteins. For example, deletions of at least six ribosomal proteins, but not their paralogues, affect the localization of ASH1 mRNA to the bud tip of the emerging daughter cell, a process that requires tight translational regulation 18 . It is, however, important to note that distinct phenotypes observed among some ribosomal protein paralogues 18 may be confounded by additional suppressor mutations that arise during the propagation of ribosomal proteindeletion strains 20, 21 , and hence a more careful examination is needed to confirm these phenotypes. Despite these caveats, the many examples of unique functional roles for individual ribosomal protein paralogues suggest a differential requirement for individual paralogues in specific molecular and cellular events.
Recently, it has been shown that splicing of yeast ribosomal protein mRNAs can regulate the expression of both ribosomal protein paralogue genes at the transcript level, often in a non-reciprocal manner. For example, the removal of the intron in the gene encoding ribosomal protein S29A (Rps29a) reduces not only its own expression but also the expression of RPS29B 19 (FIG. 1a) . This is surprising, as a change in the expression of any single copy of the duplicated ribosomal protein gene pair would be expected to increase the expression of the other if it was simply required to maintain a stoichiometric level of expression. On the contrary, in wild-type cells ~70% of all duplicated ribosomal protein genes are asymmetrically expressed 19 . This suggests that in yeast cells the ratio of paralogues is regulated and that paralogues are not merely equivalent, functional substitutes. It is tempting to speculate that variation in ribosome composition, for example by incorporating different paralogues, may be a mechanism to provide unique regulatory activity to the ribosome. Although loss-of-function phenotypes in distinct ribosomal protein gene copies would support this possibility, little is known to date about the functional roles of distinct ribosomal protein paralogues in translational control.
Plants have even more gene copies encoding a single ribosomal protein than yeast. Each ribosomal protein in Arabidopsis thaliana is encoded by two to seven genes 22 . Rapeseed, Brassica napus, has 966 genes encoding 79 ribosomal proteins 23 . Some of the ribosomal protein gene copies are identical in sequence, but many of the paralogues display sequence variations and are differentially expressed during development 24, 25 . For example, in A. thaliana, RPS5A is strongly expressed in dividing cells, whereas RPS5B is expressed in cells undergoing differentiation 24 (FIG. 1b) . The gene expression of ribosomal protein L11B (RPL11B; previously known as RPL16B) is also high in all actively dividing cells, whereas the expression pattern of RPL11A is much more tissue-specific 26 . Moreover, the two A. thaliana RPL23A paralogues, which 139 . In human cells, RPS13 also inhibits splicing of its own transcript by binding to its intron 140 . Ribosomal proteins can also function in other protein complexes 141 .
The most interesting extraribosomal protein that functions in translational control is RPL13A. RPL13A regulates the translation of specific mRNAs as part of a non-ribosomal complex (see the figure) . Following interferon-γ (IFNγ) treatment, monocytes show a marked increase in transcription of ceruloplasmin mRNA, which is an acute phase inflammatory protein. Ceruloplasmin protein synthesis is terminated after 16 hours even though ceruloplasmin mRNA is still present 142 . The IFNγ-activated inhibitor of translation (GAIT) complex was found to bind to an RNA structure in the 3ʹ untranslated region (UTR) of ceruloplasmin mRNA to inhibit translation. RPL13A is one of the four proteins that constitute the GAIT complex. RPL13A is phosphorylated and released from the ribosome 24 hours after IFNγ stimulation 143 . Phosphorylated RPL13A binds strongly to cap-bound eukaryotic translation initiation factor eIF4G and blocks the recruitment of the 43S ribosomal complex 144 . It also has the same repressive effect on a number of other inflammatory response genes that have the same 3ʹ UTR RNA structure, such as many chemokines and chemokine receptors 145 . Following this paradigm, certain ribosomal proteins that are not essential for the catalytic activity of the ribosome may be co-opted for additional, specialized functions in translational control acting in complexes that function apart from the ribosome itself. m 
Somites
Blocks of mesoderm on either side of the neural tube of a developing vertebrate embryo. Somites will develop into structures including the vertebrae.
possess high sequence homology, are not of equivalent importance for normal plant development 27, 28 . Deletion of RPL23AA but not of RPL23AB impeded growth and led to morphological abnormalities, revealing specialized functions for specific ribosomal protein paralogues. A genome-wide study of ribosomal proteins in B. napus showed that different paralogues of the same ribosomal protein are not regulated in the same pattern among tissues. Interestingly, more than two-thirds of ribosomal proteins are encoded by paralogues that have opposite expression patterns in embryos and seedlings, suggesting that a different set of ribosome paralogues might be required for early development 23 . Heterogeneity in ribosomal protein paralogue expression was also found in Drosophila melanogaster. For example, some paralogues show differential expression levels in the adult testes 29 . RpL22 is transcribed ubiquitously, but RpL22-like is enriched in the testes (FIG. 1c) . Both genes are essential in the fly, which suggests that they are not functionally redundant. Moreover, both proteins are incorporated into ribosomes as they are detected in polysomes (which are translationally active ribosomes) and 80S fractions but not in pre-ribosomal fractions 30 . In addition, RpS5b, RpS19a, RpL10Aa and RpL37b show enhanced expression in the testes compared to their paralogues 29 . Such heterogeneity in ribosomal protein expression in the gonads suggests that the development of germ cells may require tissue-specific variations in the translational machinery.
In mammals, most ribosomal proteins are encoded by only a single gene copy. However, some notable exceptions exist. For example, RPS4 is encoded by three genes (namely RPS4X, RPS4Y1 and RPSY2) that are located on the X chromosome and the Y chromosome 31, 32 . In human males, RPS4X and RPS4Y1 are expressed ubiquitously, but RPSY2 expression is restricted to the testis and prostate, suggesting a male-specific role for the ribosomal protein encoded by RPSY2 and the possibility of testisspecific ribosomes 31 (FIG. 1d) . Although the sequences of the three RPS4 proteins are very similar, distinct amino acids in the carboxyl terminus of RPS4Y2 possibly facilitate unique interactions with distinct, potentially testisspecific, ribosomal proteins or extraribosomal factors 31 . In addition, mice carry paralogues for RPL10, RPL22 and RPL39, which are also differentially expressed 33 . Ribosomes from rodent liver, mammary gland and testi s were isolated and analysed by two-dimensional (2D) gel electrophoresis and mass spectrometry. Surprisingly, RPL10-like and RPL39-like were only found in ribosomes from the testis but not in the liver or the mammary gland. Interestingly, RPL39-like localized to the nucleoli and was found in 80S and polysome fractions, which is consistent with RPL39-like being a ribosomal protein 33 . By contrast, RPL22-like was absent from the testes but is specifically expressed in the liver and mammary gland. Therefore, this suggests that ribosomes expressed in different tissues contain unique ribosomal protein paralogues, and similarly to the findings in D. melanogaster, variations in the expression patterns of ribosomal protein paralogues seem to be evolutionarily conserved and partic ularly eviden t in germ cells.
Ribosomal protein expression.
In addition to the fact that some ribosomal proteins are encoded by paralogue genes, the expression of core ribosomal proteins may not be ubiquitous, at least under certain circumstances. It has previously been suggested that the equimolar production of ribosomal proteins is important for proper ribosome biogenesis and that ribosomal proteins are transcribed at the same rate and have similar lifespans 34, 35 . However, most of these studies focused on only a handful of ribosomal proteins in a single cell type. Recent studies that examined ribosomal proteins more globally at an organismal level have shown that different ribosomal proteins are expressed at distinct levels in unique cell types 36, 37 . In the social amoebae Dictyostelium discoideum, ribosomes are composed of different ribosomal proteins at two different states of its life cycle, the vegetative stage and the spore stage (FIG. 1e) . Many ribosomal proteins are expressed at different levels in one state compared to the other state, suggesting that these proteins may be developmentally regulated during cell differentiation 38, 39 . In mice, the levels of Rpl38 transcripts exhibit a tissuespecific expression pattern 37 . For example, during embryonic development, Rpl38 expression is substantially increased in developing somites and in a specific subset of motor neurons within the spinal cord. Strikingly, this expression pattern mirrors, to a large extent, the tissue s that are affected by the loss of function of RPL38 in mutant embryos 37 . Moreover, Rpl38 is expressed only in some adult tissues 40 . RPL10 expression in mouse embryos is also highly tissue-specific as this ribosomal protein is enriched in the developing epidermis and limb buds 41 and shows a very specific expression pattern in fetal bone 42 . Notably, RPL10 is one of the few mammalian ribosomal proteins that has a paralogue; however, this cannot solely account for its restricted expression pattern as the paralogue encoding RPL10-like is also differentially expressed 33 . RPL10-like has only been found to be expressed in the testes but not other tissues such as the liver.
More globally, a large-scale quantitative expressionprofiling screen examined the expression of 72 ribo somal proteins in 14 tissues and cell types in the developing vertebrate embryo (FIG. 1f) . This study revealed dramatic differences in the expression levels of ribosomal proteins among different tissues and cell types, and revealed coregulated expression patterns among specific groups of ribosomal proteins 37 . Additional studies also point to the possibility of greater heterogeneity in ribosomal protein expression in adult tissues 36 . Although most of these studies only examine the mRNA levels of ribo somal proteins, the huge range of variation in expression among tissues suggests that ribosomes may be heterogeneous in distinct cell and tissue types. These findings also raise the possibility that some ribosomes may contain more than one copy of certain, highly expressed ribosomal proteins. This is analogous to the dimerization of the acidic ribosomal proteins in the ribosomes of Escherichia coli, which contain two protein copies of RpL7 and RpL12 per ribosome [43] [44] [45] . Importantly, as ribosomal proteins may have extra-ribosomal functions, can be degraded at the protein level 46 or are translationally controlled 146 , further proteomics studies will be key in confirming the contribution of heterogenous ribosomal protein expression in specialized ribosomal activity.
Post-translational modifications. In addition to the differences in ribosomal protein expression levels and patterns, post-translational modifications on ribosomal proteins can add another layer of specificity. In many organisms, ribosomal proteins are post-translationally modified. In yeast, at least 16 ribosomal proteins are either methylated or acetylated 47, 48 . In humans, at least 11 large subunit ribosomal proteins and most of the small subunit proteins are also post-translationally modified 49, 50 . In A. thaliana, 23 of the 80 ribosomal protein families contain at least one covalent modification 48 . Modifications of ribosomal proteins seem to be highly regulated. For example, ribosomes from different phases of the D. discoideum lifecycle show specific changes in ribosomal protein phosphorylation and methylation patterns that may facilitate unique translational needs of the cell 51 (FIG. 1e) .
Historically, the post-translational modifications on RPS6 are the best characterized. For example, in mammals, RPS6 is phosphorylated on five residues in response to mitogen and growth factor signalling 52 . It has long been believed that RPS6 phosphorylation has an important function in the translational control of a subclass of mRNAs that harbour a 5ʹ tract oligopyrimidine (5ʹ TOP) sequence, and that this level of regulation may imbue the ribosome with greater specificity. However, unexpectedly, a knock-in mouse, in which all five phosphorylated residues of RPS6 were mutated to Ala, did not show a decrease in general or 5ʹ TOP mRNA translation but paradoxically resulted in an increase in protein synthesis rates. Moreover, the in vivo physiological role of RPS6 phosphorylation seems to be rather limited as mice with defectiv e RPS6 phosphorylation only display decreased cell size and impaired glucose homeostasis 53 . Hence, the physio logical significance of ribosomal protein posttranslationa l modifications needs to be carefully evaluate d in the future.
A recent study showed that in addition to acetylation, methylation and phosphorylation, many ribosomal proteins can be modified at Ser and Thr residues by the addi-
Overexpression of O-GlcNAc transferase (OGT), the enzyme involved in O-GlcNAc modification, resulted in an increase in the 60S and 80S peaks in the polysome profile, suggesting that O-GlcNAc modificatio n might be important in ribosome biogenesis 54 . The same ribosomal proteins exhibit different dynamics of specific post-translational modifications, suggesting an even more complex regulation of the ribosome activity 54 . In addition to being phosphorylated and O-GlcNAcylated, ribosomal proteins are regulated by ubiquitylation. For example, Rpl28 in S. cerevisiae is heavily ubiquitylated during S phase of the cell cycle, whereas ubiquitylation is reduced in G1 phase. Rpl28 is located at the peptidyl transferase centre, and its ubiquitylation has a stimulatory effect on translation. Ribosomes that carry polyubiquitylated Rpl28 are able to translate a reporter gene at a faster rate than ribosomes with monoubiquitylated Rpl28 (REF. 55 ). In addition, mass spectrometry studies have shown that ribosomal proteins can be methylated under different conditions 50 . Together, these studies identify unique post-translational modifications on specific ribosomal proteins that may affect the function of the ribosome.
Ribosome-associated factors. Proteomics studies of S. cerevisiae ribosomes identified 77 ribosome-associate d proteins, which suggests that apart from ribosomal protein s, many additional factors may also modulate ribosome activity. Cells lacking some of these proteins show defects in the rate and fidelity of protein synthesis as well as ribosome biogenesis 56 . Interestingly, ribosomeassociated proteins may also regulate the translation of specific subsets of mRNAs. For example, in D. melanogaster, the pro-apoptotic protein Reaper binds directly and specifically to the 40S subunit and disrupts AUG recognition by the scanning 48S complex, thereby inhibiting cap-dependent translation (FIG. 2a) . Interestingly, Reaper may facilitate the selective translation of specific pro-apoptotic mRNAs that harbour internal ribosome entry site (IRES) elements (see below), as these mRNAs can bypass scanning, thereby augmenting the apoptotic programme 57 . Another ribosome-associated protein is glycogen synthase 1 (GYS1). In HeLa cells, GYS1 associates with actively translating ribosomes. Knockdown of GYS1 causes a decrease in polysomes and a change in the subsets of mRNAs in polysomes 58 . It is therefore clear that the translation of mRNAs may be enhanced or inhibited by distinct ribosome-associated factors, adding a further level of complexity to the translation machinery.
RACK1, the receptor for activated protein kinase C (PKC), is a scaffold protein that associates with the 40S subunit in a 1:1 ratio (reviewed in REFS 59, 60) . Many signalling molecules interact with RACK1 on the ribosome and affect protein synthesis. For example, activated PKCβII binds to ribosome-bound RACK1 and phosphorylates the translation initiation factor eIF6, releasing it from the 60S subunit and allowing subunit joining 61 . Recent work has also suggested that RACK1 can recruit the microRNA (miRNA)-induced silencing complex (miRISC) to the ribosome, where this complex facilitates miRNA-mediated gene repression 62 . Other binding partners of RACK1 include integrin receptors 60 , which can potentially localize ribosomes to the cell membrane, and the yeast RNA-binding protein Scp160p 63, 64 (FIG. 2b) . Scp160p associates with specific mRNAs, and loss of Scp160p reduces the association of those mRNAs with polysomes 65 . As Scp160p interacts with the ribosome through RACK1 (REFS 63, 64) , these results suggest that Scp160p brings specific mRNAs to the ribosome to enhance their translation. Yeast contain many ribosome-associated proteins 56 , and it is intriguing to hypothesize that additional intermediaries could associate with the ribosome and may contribute towards transcript-specific translational regulation. 
Sporozoite
The cellular form of Plasmodium parasites when they infect a new host.
Expansion segments
A region of ribosomal RNA (rRNA) that has dramatically increased in length from prokaryotes to eukaryotes during evolution.
Small nucleolar RNAs
(snoRNAs). Small RNA molecules that function in ribosome biogenesis in the nucleolus by guiding the assembly of macromolecular complexes on the target RNA to allow site-specific modifications or processing reactions to occur.
Ribosome-associated factors can also function in processes that are unrelated to translation. For exampl e, mammalian target of rapamycin complex 2 (mTORC2) is a highly conserved protein kinase complex that integrates cell growth and metabolism in response to nutrients and growth factors 66 . Following insulin signalling mTORC2 binds to ribosomes, and this inter action activates mTORC2 independently of translation 67 . Moreover, it seems that ribosome-bound mTORC2 may phosphorylate its substrate AKT during or immediately after AKT mRNA translation 68 . Importantly, these findings suggest that ribosome-associated factors such as mTORC2 can also operate to control specific molecular events independently from a direct role in translational control.
Heterogeneity in rRNA. Heterogeneity in rRNA may also contribute to specialized ribosomal activity. The malaria-causing Plasmodium parasites carry two classes of ribosomal DNA genes, which allow the use of different 'types' of ribosomes during their life cycle. One form is predominantly found when the parasite is in the sporozoit e form (type S) in the mosquito, whereas the other form is found when it is in the gametocyte form (type A) in the bloodstream of the host after infection 69 (FIG. 3) . The two types of ribosomes seem to possess different functions, as substitution of the 25S rRNA of S. cerevisiae with the rRNA of type A P. falciparum produces no phenotype, whereas substitution with the rRNA of type S is lethal 70 . The differences between the two classes of rRNA in Plasmodium falciparu m are mainly found in the variable regions of the rRNA, and only few differences are evident in areas that are conserved among all eukaryotes 71 . During evolution, from prokaryotes to eukaryotes, the ribosome has increased in size and the rRNA has changed substantially. For example, D. melanogaster has a 30 nucleotide 2S rRNA in addition to the 18S, 5.8S, 28S and 5S rRNAs 72 . The most drastic variations in the rRNA are found in the variable regions, which are also known as expansion segments. Expansion segments are generally located on the surface of the ribosome, are very flexible and may have more subtle roles in fine-tuning translational control. For example, the largest expansion segment, ES7 L (also known as D2), has expanded from 53 nucleotides in E. coli to a dramatic 689 nucleotides in mice 73 . In yeast, ES7 L (which consists of 216 nucleotides) was shown to interact with multiple eukaryotic specific ribosomal proteins such as P0 in vitro, and this inter action might result in the recruitment of G proteins to the ribosome 74 . It will therefore be important to delineate the functional roles of expansion segments and whether changes in these sequences influence ribosome function and translational control specificity.
Ribosomal RNA is heavily modified by methylation on the 2-hydroxyl group of ribose, conversion of uridine to pseudouridine and methylation of bases. Most of these modifications occur in important functional areas of the ribosome 75 . The 2-hydroxyl methylation and conversion of uridine to pseudouridine are facilitated by C/D box and H/ACA box small nucleolar RNAs (snoRNA s), respectively. There is evidence for the heterogeneity in the expression levels of both C/D box and H/ ACA box snoRNAs in different tissues 76 . The expression of some C/D box snoRNAs has also been shown to oscillate in a circadian manner 77 . However, a careful examination of how tissue-specific differences in snoRNA expression directly affect rRNA modifications has not been carried out. Knockdown studies using morpholino oligomers showed that the deletion of different snoRNAs in zebrafish causes specific developmental phenotypes. For example, U26 snoRNA-deficient embryos have a decreased body size and specific defects in brain and eye development 78 . These results suggest that snoRNAs and snoRNA-mediated modifications on rRNA have very specific effects in an organism.
Transcript-specific control of ribosome function Several key questions need to be addressed in order to determine how changes in ribosome composition, structure and/or activity affect translational control. A central unresolved question is the nature of specific cis-regulatory elements within mRNAs that may interface with specialized ribosomes to provide regulatory control and whether additional trans-acting factors such as RNA-binding proteins have a role in this process. In addition, even core components of the ribosome that remain constitutively associated with the translation machinery may exert regulative effects by interfacing with specific regulatory elements that are present on subsets of mRNAs. Therefore, a greater understanding of the cis-acting elements within mRNAs that promote translational control is an important avenue to explore. An intriguing hypothesis is that ribosomal proteins could themselves act as 'specificity filters' , allowing the ribosome to interface with specific subsets of mRNAs to enhance translation 79 . However, the precise functions of only a handful of ribosomal proteins have been identified to date. Here we discuss the nature of regulatory elements in mRNAs that may imbue regulation specific to the ribosome in the recognition and the translation of specific subsets of mRNAs.
IRES elements.
In eukaryotic translational initiation, the 40S ribosomal subunit is recruited to the mRNA by translation initiation factors 2 . The 40S ribosome complex, together with associated factors, scans along the 5ʹ UTR for the initiation codon. Translation initiation factors are released at the initiation codon, and the 60S ribosomal subunit joins to form a translationally active 80S ribosome. Most eukaryotic mRNAs are translated via this cap-dependent mechanism, but it is approximated that more than 10% of cellular mRNAs rely on cap-independent mechanisms of translational initiation involving IRES elements 80 . The IRES is an RNA structured element positioned at the 5ʹ UTR of specific mRNAs that can recruit the ribosome directly to the initiation region of mRNAs with a reduced requirement for canonical initiation factors 2 . IRES elements were first discovered in RNA viruses, which produce uncapped RNAs and require these elements for efficient translation of viral mRNAs 81, 82 . Later, many additional cellular mRNAs were discovered to contain IRES elements in their 5ʹ UTR. This class of mRNAs is often thought to encompass stress response genes, such as hypoxia-inducible factor 1A (HIF1A), TP53 and X-linked inhibitor of apoptosis (XIAP), and the IRES elements within their 5ʹ UTRs are thought to be active during cellular stress conditions when cap-dependent translation is inhibited.
Modifications in rRNAs are important for IRESmediated translation. In particular, alterations in rRNA pseudouridylation cause a specific defect in the translation of some IRES-containing mRNAs. In mice that are hypomorphic for dyskerin (which is the enzyme that converts rRNA uridine to pseudouridine) general cap-dependent translation is not impaired. However, translation of IRES-containing mRNAs including the tumour suppressors p27 and p53 is perturbed [83] [84] [85] [86] . As a result, these mice have a higher propensity to develop cancer. Importantly, ribosomes that lack pseudouridine modifications show a direct impairment in binding to IRES elements 87 . Emerging evidence suggests that ribosomal proteins themselves may function to recognize specific IRES elements. For example, RPS25 is specifically required for IRES-dependent translation of viral mRNAs 88 . In yeast harbouring a deletion in RPS25, cap-dependent translational initiation and ribosome fidelity are not affected. However, the translation of two distinct viral IRES elements from the hepatitis C virus (HCV) and cricket paralysis virus (CrPV) is defective (FIG. 4a) . Moreover, Rps25-deficient 40S subunits are unable to bind to the CrPV IRES element. Structural studies have placed Rps25 in the head of the 40S subunit, where it can interact with two stem-loops in the CrPV IRES 89 . The function of RPS25 in IRES-mediated translation of viral mRNAs is conserved in mammalian cells 88 . However, it remains unknown whether RPS25 can regulate the translation of mRNAs that contain specific cellular IRES elements. Consistent with this idea, RPS19 and RPL11, two ribosomal proteins that are mutated in patients with Diamond-Blackfan anaemia (DBA), regulate IRES-dependent translation of at least two mRNAs that are important for erythroid differentiation, namely BCL-2-associated athanogene (BAG1) and cold shock domain containing protein E1 (CSDE1) 90 . In addition, mass spectrometry studies have shown that ribosomes bound to the HCV IRES have a different methylation pattern from ribosomes bound to host mRNAs, indicating a role of methylated ribosomal proteins in IRESmediated translational control 50 . These studies may reflect an emerging theme: that ribosomal proteins may confer more specialized regulation of translation by interfacing with specific IRES elements in subsets of mRNAs.
Upstream open reading frames. Almost half of all human and mouse transcripts contain at least one upstream open reading frame (uORF) 91 . Moreover, ribosomal profiling has recently uncovered many near-cognate uORFs that do not start with an AUG codon and, therefore, have been difficult to predict computationally 92, 93 . uORFs can regulate the translation of the downstream main ORF. In cap-dependent translation, the ribosome scans along the 5ʹ UTR to start translation at the first start codon. As it is difficult to reinitiate translation after translating an uORF, most uORFs repress to the translation of the downstream main ORF. However, ribosome occupancy on some uORFs with near-cognate, non-AUG start codons correlates positively with the translation of the main ORF. For example, many mRNAs needed for sporulation in yeast contain near-cognate uORFs. Ribosome occupancy at such uORFs is higher in meiotic cells than in vegetative cells, suggesting that there is a shift in the translation machinery during meiosis to translate uORFs 94 . This transition can change the types of mRNAs that are translated, promoting the translation of mRNAs with non-AUG uORFs over those with cognate ones.
In plants, RPL24 is implicated in translational reinitiation of polycistronic mRNAs and mRNAs containing uORFs (FIG. 4b) . A. thaliana carrying a mutation in RPL24B have developmental defects in vascular patterning and gynoecium structure owing to a reduction in translation of auxin response genes. Interestingly, many genes of the auxin response factor E class contain uORFs that inhibit the translation of the main ORF. The removal of the uORFs in these genes results in partial suppression the RPL24B phenotype 95 . RPL24 is located at the interface between 40S and 60S subunits and may help in subunit joining during translational re initiation 74 . The cauliflower mosaic virus (CaMV) takes advantage of this RPL24 function to promote infection. RPL24 binds to the CaMV transactivator (TAV), and this binding is essential for the translation of the second ORF from the polycistronic CaMV RNA. TAV also binds eIF3, which is the initiation factor that stimulates the binding of the ternary complex to the 40S. TAV can remain associated with the 40S subunit after termination at the first ORF and potentially help in recruiting eIF3 and RPL24-containing 60S subunits for reinitiation 96 . It will be interesting to see whether RPL24 also has a role in overcoming uORF-mediated repression in mammalian cells as a mechanism to promote translational control of specific subsets of uORF-containing mRNAs. Moreover, it will be important to determine whether additional ribosomal proteins modulate uORF-mediated regulatio n of translational control.
Ribosome specificity in cell biology
As translation rates are a much better predictor of protein levels than mRNA levels, translational control is an important mechanism to regulate the expression of many genes 97 . The possibility of greater specificity in translation through a more regulatory function of the ribosome opens an important avenue of exploration into the cellular and developmental processes that are regulated by this new level of control. This is a very rapidly emerging field, and although much remains to be addressed, clear examples of specialized ribosome functions are becoming evident across all species.
Ribosome specificity in bacteria. In bacteria, a new paradigm is emerging for heterogeneity in ribosomes as a mechanism for stress adaptation. Remarkably, the formation of 'stress-ribosomes' that contain rRNAs with sequence-specific differences allows for the selective translation of specific mRNAs (FIG. 5a) . In E. coli, the sequence-specific endonuclease MazF, which preferentially cleaves single-stranded mRNAs at ACA sequences, is activated following stress. Although MazF induction blocks the synthesis of most proteins, the translation of ~10% of all transcripts remains active, and some of these mRNAs encode proteins that promote cell death. Strikingly, MazF is able to selectively promote translation of these transcripts by cleaving ACA sites at, or closely upstream of, the AUG start codon to gen erate leaderless mRNAs. MazF also changes the type of ribosomes that are formed to translate these leaderless mRNAs by cleaving 16S rRNAs near the 3ʹ end, thereby releasing the anti-Shine-Dalgarno sequence. In bacteri a, translational initiation depends heavily on base pairing between the Shine-Dalgarno sequence in the mRNA and the anti-Shine-Dalgarno sequence in the 16S rRNA 98 . The removal of the anti-Shine-Dalgarno sequence by MazF renders a subpopulation of specialized ribosomes that are less efficient in translating most mRNAs but improves translation of leaderless mRNAs that no longer possess the Shine-Dalgarno sequence 99 .
The role of ribosome heterogeneity in plants. In plants, mutations in ribosomal proteins result in various phenotypes. Loss-of-function mutations in a number of ribosomal proteins are embryonic lethal, whereas others have more varied patterning and developmental defects 100, 101 . For example, mutations in RPL10A, RPL9 and RPL5 give a piggyback phenotype, in which mutants have pointed leaves and pronounced marginal serrations. These genes are crucial in dorsal-ventral patterning in leaves, possibly through translational regulation of dorsal genes of the class III homeodomain-Leu zipper (HD-ZIPIII) family and ventral genes of the KANADI family 102 . A. thaliana with mutantions in RPL24B have developmental defects in vascular patterning and gynoecium structure owing to a reduction in translation of auxin response genes 95 .
As discussed, the effect of RPL24 may be specifically at the level of translation reinitiation of mRNAs that harbour uORFs (see above). Although a clear mechanism for translational regulation by these ribosomal proteins is not fully understood, it is clear that ribosomal proteins have an unexpected and important role in regulating specific developmental processes and pattern formation 100 . Ribosome specificity in invertebrate embryonic development. In D. melanogaster, the loss of a copy of several ribosomal proteins leads to a Minute phenotype. Minute flies are smaller than their wild-type counterparts, have delayed larval development and short, thin bristles 29 . This phenotype has been attributed to a general decrease in protein synthesis. However, some ribosomal protein mutants show additional patterning defects. For example, some Minute flies have a reduction in wing size, whereas at least two additional ribosomal protein mutants display an increase in wing size and wing vein patterning defects 103, 104 . This suggests that some ribosomal proteins are specifically required for embryonic development and patterning.
Germline formation in D. melanogaster may require specific ribosomes that are only produced in the mitochondria (FIG. 5b) . Mitochondrial ribosomes are typically smaller than cytoplasmic ribosomes, resemble prokaryotic ribosomes and are required to translate the mitochondrial genome. Strikingly, however, these ribosomes can be localized outside of mitochondria in polar granules, which are large ribonucleoprotein complexes found at the posterior end of D. melanogaster embryos and are required for germ cell formation 105, 106 . Polysomes on polar granules contain both mitochondrial and cytoplasmic ribosomes. Blocking mitochondrial ribosomes with the prokaryotic translation inhibitors kasugamycin and chloramphenicol, both of which do not affect cytoplasmic ribosomes, causes a decrease in the expression levels of the germ cellspecific protein GCL in polar granules and a defect in germ cell formation. The translation of another germ cell mRNA, namely Nanos (Nos), is not affected by these drugs, suggesting that mitochondrial ribosomes may only be responsible for the proper translation of a subset of mRNAs 107 . Importantly, further studies on the codon usage of the GCL mRNA are urgently required to determine whether mitochondrial ribosomes are indeed participating in this level of translational control. Although it is not entirely understood why mitochondrial ribosomes that are located in the cytoplasm may possess unique properties that endow them with the ability to translate specific cytoplasmic mRNAs, these studies suggest a specificity in translational regulation governed at the level of heterogeneous ribosomes.
Ribosome specificity in vertebrate embryonic development. Ribosomal proteins are important regulators of vertebrate embryonic development. For example, morpholino knockdown of ribosomal proteins in zebrafish produces phenotypes that can be both unique and specific, resulting in abnormalities in the development of the brain, body trunk, eye and ear 108 . How can mutations in ribosomal proteins cause tissue-specific effects? One important paradigm that provided insight into the role of ribosomal proteins in controlling specialized ribosome activity stems from the analysis of RPL38 function, as the results linked this component of the ribosome to the formation of the mammalian body plan (FIG. 5c) . In a forward genetic screen, Rpl38 was identified as the gene that is deleted in tail short (Ts) mice. These mice have highly specific defects in the formation of the axial skeleton 37 . These defects include homeotic transformations and a change in the identity of one skeletal element from another, which suggests an unexpected regulatory role for ribosomes during tissue patterning. Homeobox (Hox) genes have been shown to be key regulators of vertebrae segment identity, and the loss of function of specific Hox genes causes homeotic transformations 109, 110 . Ts/+ mouse embryos also show a defect in the specification of PEA3-positive motor neurons, which also requires HOX-directed patterning. Strikingly, Ts/+ embryos show no defects in general protein synthesis, however, the translation of 8 of the 39 Hox mRNAs is specifically reduced. At the molecular level, RPL38 regulates the formation of the 80S complex during translation initiation on these mRNAs, while being part of the ribosome. The effects of RPL38 are highly specific as other ribosomal protein deficiencies in mice do not give rise to phenotypes similar to the phenotypes observed in RPL38-deficient mice, even when the general rate of protein synthesis is decreased. Interestingly, Ts/+ phenotypes are inherited in a dominant form, as haploinsufficiency in RPL38 expression is sufficient for patterning defects to manifest. This suggests that RPL38 is rate-limiting for the translation of selective transcripts such as HOX mRNAs. Moreover, this is consistent with the fact that HOX mutants also display phenotypes in a heterozygous condition, thereby revealing that precise levels of HOX proteins are necessary for establishing the mammalian body plan. It will be important to determine whether RPL38 recognizes unique sequences or structures within subsets of mRNAs either directly or through interactions with other RNA-binding proteins.
The tissue specific phenotypes associated with RPL38 loss of function are also, at least in part, explained by the observation that Rpl38 expression is highly regulated during embryonic development. A striking enrichment of Rpl38 transcripts is evident in specific regions of the embryo such as developing somites and within the neural tube. These regions mirror where the tissue specific phenotypes associated with loss of RPL38 expression are observed 37 . These findings suggest that the increased expression of specific ribo somal proteins may produce heterogeneous ribosomes in distinct cell and tissue types with unique specificities in translating specific classes of mRNAs.
In addition to Ts/+ mice, the few mouse models with mutated ribosomal proteins that have been generated or characterized to date display specific phenotypes. For example, mice carrying a dominant mutation in Rpl24 display a white ventral midline spot, white hind feet and a kinked tail. These mice also have reduced numbers of retinal ganglion cells and extra digits in the limbs 111 . On the contrary, Rpl29 −/− mice are smaller in size and possess specific defects in osteogenesis associated with increased bone fragility 112 . These phenotypes suggest that additional ribosomal proteins may have more specialized roles during embryonic development.
Cleft palate
A craniofacial abnormality that results from a failure to fuse the left and right palatal shelves at the midline during embryogenesis. It can be caused by several environmental and genetic factors, including defects in sonic hedgehog signalling.
Long-term potentiation (LTP). A long-lasting increase in the size of the postsynaptic response to synaptic transmissions. LTP is thought to be a key mechanism for learning and long-term memory formation in the brain.
Linking ribosome specificity to disease. Loss of some ribosomal proteins has been associated with certain morphological abnormalities, and these phenotypes may rely on the activation of a p53-dependent stress response. A subset of ribosomal proteins are able to interact with MDM2, an inhibitor of p53, and thereby affect p53 activity 113 . Morpholino knockdown of rpl11, rps7 and rps19 in zebrafish causes an upregulation of p53, and certain phenotypes can be partially rescued by knockdown of tp53 . Importantly, increased p53 protein levels cannot fully explain the phenotypes observed in ribosomal protein mutants. For example, the tissuespecific defects associated with Rpl38 loss of function were not reversed following the reduction of p53 protein levels 37 . Moreover, the mouse embryos carrying Rps6 +/− and p53 −/− mutations have tissue-specific phenotypes, including defects in placenta and liver development 117 . In humans, accumulating evidence links mutations in the genes of several ribosomal proteins, including RPS19, RPS24, RPS17, RPL5, RPL11 and RPL35A, to Diamond-Blackfan anaemia (DBA) 118 . Notably, patients with DBA carrying ribosomal protein mutations also exhibit tissue-specific defects including limb defects, cleft palate, abnormalities in heart development, growth failure and a predisposition for cancer. Mutations in different ribosomal proteins also give rise to different types of birth defects. For instance, most patients with RPL5 mutations have a cleft palate, whereas most individual s with RPL11 mutations do not have any craniofacial defects 119 . In addition, mutations in RPL21 have been identified in hereditary hypotrichosis simplex (HHS), a disorder that is characterized by progressive hair loss early in childhood 120 . Together, patients with genetic disorders that are linked to mutations in ribosomal proteins show remarkably specific phenotypes, which suggests that ribosomal proteins have unique functions in different tissues.
Intracellular localization of specialized ribosomes.
A clue for the possible roles of specialized ribosomal protein function in specific cell types comes from research in neurons. Neurons are extremely polarized cells in which axons and dendrites perform very different functions from the cell body. Local protein synthesis in neuro nal dendrites is important in remodelling synaptic connections and has a role in learning and memory 121 (FIG. 5d) . Long-term potentiation (LTP), a cellular measure of memory formation, can be induced by localized translation in isolated hippocampal dendrites, which have been removed from the cell bodies 122 . Polysomes are found in dendrites, and the number of polysomes in dendritic spines increases after the initiation of LTP 123 . Thereby, mRNAs are translated in an extremely localized manner, although the mechanism for this regulation is poorly understood.
Strikingly, transcripts for specific subsets of ribosomal proteins are enriched up to tenfold at these sites compared to the cell body 124 . As most ribosomal proteins are assembled onto the ribosome in the nucleus, it is surprising to find pools of specific ribosomal protein transcripts in neuronal processes. Additional components of the translational machinery have also been found in neuronal processes and are transported as part of large ribonucleoprotein particles that contain mRNA, ribosomes and other RNA binding proteins 125, 126 . It has been suggested that ribosomal subunits are stored as inactive forms in RNA granules and are activated by the addition of locally synthesized ribosomal proteins 126 . Thus, ribosomes at these neuronal processes may be distinct from ribosomes in the cell body owing to the presence of newly, locally synthesized ribosomal proteins that may influence the translation of mRNAs that are localized in the dendrites. In support of this hypothesis, recent studie s have shown that the transmembrane receptor DCC, which participates in axon guidance, associates with specific ribosomal proteins and spatially regulates translation in neuronal axons and dendrites 127 . Interestingly, some mRNAs present in dendrites are known to contain IRES elements 128 . By extension, simila r localized mechanisms for translational control may provide a unique regulation in multiple cellular contexts, including translational regulation in polarized cells, at the leading edge of migrating cells or during specific steps in cell differentiation.
Conclusions and future perspectives
Several parallels can be drawn between what has been termed a DNA code and a possible 'ribosome code' . Like DNA, rRNA is extensively modified. Histones, once considered as boring housekeeping proteins, are now clearly recognized as active participants in chromatin remodelling and transcriptional control through exquisite post-translational modifications identified within histone tails. Likewise, the view of ribosomal proteins as only carrying out rote-like functions is undergoing a paradigm shift. Post-translational modifications and differences in ribosomal protein composition may add greater regulatory specificity to the RNA-based translation machinery, as do histones to DNA. However, several outstanding questions need to be addressed before a ribosome code for translational control could be accepted.
First, as discussed in this Review, many examples now exist across all species suggesting that great heterogeneity characterizes the ribosome, both at the level of rRNA and ribosomal proteins. However, despite these examples, this hypothesis has not been explored in a systematic manner. Most ribosomes are purified from tissues that contain an amalgamation of multiple cell types, and any differences in ribosome composition in a particular cell may be lost in such an ensemble. Studies in cell lines have the advantage of being able to identify heterogeneity in a single cell type; however, this approach lacks the dynamics of an in vivo system in which more variations may be present. A systems approach is necessary to examine the extent of variation in ribosomes more globally across different cell types, perhaps during early stages of organogenesis or during specific steps in cell differentiation. It is also tempting to speculate that a heterogeneous pool of ribosomes may already exist in a single cell, for example in germ cells and neurons. If so, how is the stoichiometry and the formation of such heterogeneous pools of ribosomes regulated? What regulates the intracellular localization of heterologous ribosomes in a single cell?
Second, although examples of heterogeneity are evident, little is known on how heterogeneity affects translational control. For example, to date classes of mRNAs that may respond to specialized ribosomes remain elusive. The discovery of a specific requirement for RPL38-containing ribosomes in facilitating translational regulation of subsets of HOX mRNAs hints at exciting possible future work into this problem.
Third, virtually nothing is known about the upstream regulatory signals that might produce ribosome heterogeneity in the first place. The realization that components of the ribosome may be more highly regulated opens a new avenue of exploration in identifying upstream signalling pathways and trans-acting factors that control their expression. Lastly, it will be crucial to identify cis-acting 'translational regulons' within mRNAs that interface with specialized ribosomes to confer translational specificity. As discussed, examples of these important elements may include IRES elements and uORFs. Moreover, it is equally importan t to determine whether even constitutive components of the ribosome that show little variation may also confer more specialized activity by virtue of their ability to interact with such specific 'translation regulons' . Emerging evidence suggests that there is a great disconnect between the expression of the genome at the level of the transcriptome versus the proteome, thereby leaving ample room for regulation at the level of translational control 97 . Thus, variations in gene expression at the level of translational control have tremendous importance to cell biology. Therefore, we hypothesize that it will be important to conceptualize translational control in the same light as transcriptional controlas a process in which enhancers or attenuators may fine-tune protein abundance that culminates in unique readout s with important biological significance.
Ultimately, a key question is how ribosome-mediate d gene regulation may shape our view of organismal biolog y. It has long been known that a small handful of signalling molecules (such as sonic hedgehog (SHH), fibroblast growth factors (FGFs), WNT ligands and bone morphogenetic proteins (BMPs)) act many times during embryonic development and in distinct locations to produce entirely different tissues or structures (for example, limbs versus motor neurons). Transcriptional profiling has not provided a complete explanation for these different mechanisms of action. The hypothesis that developmentally regulated signals directly converge on ribosome specificity opens an entirely new avenue of exploration into whether rapid changes in the production of proteins from pre-existing pools of mRNAs may instead influence fundamental aspects of cell and embryonic development.
